BEST AVAILABLE COPY 

Remarks 

The Applicants acknowledge the earlier election/restriction and reconfirm the earlier 
election of Group I, including Claims 1-4 and 7-9. Claims 5-7 have been cancelled. 

The Applicants note with appreciation the Examiner's helpful comment concerning page 
27 of the Specification regarding "Compound 1." The Applicants have amended page 27 at the 
appropriate location by inserting the correct compoimd, which is found on page 26. Entry into 
the Official File is respectfully requested. 

The Applicants acknowledge the 35 U.S.C. §1 12 rejection of Claim 7. Claim 7 has been 
cancelled, inasmuch as it depends on cancelled Claim 6. The Applicants respectfully submit that 
the rejection is now moot. 

The Applicants have amended Claims 1 - 4 and 7 - 9 to emphasize the neuropathic pain 
aspect of this invention. The Applicants believe that this is better achieved by amending the 
claims from "a therapeutic agent for neuropathic pain" to "a method of treating neuropathic 
pain." This change to the outstanding claims does not affect the scope of the claims or the 
subject matter intended to be claimed. Entry of these changes into the Official File is 
respectfully requested. 

The Applicants acknowledge the provisional double-patenting rejection over co-pending 
application 10/477,062. Inasmuch as this is a provisional rejection, the Applicants respectfully 
request that further treatment of the rejection be held in abeyance pending an indication of 
allowability of the claims solicited herein or claims solicited in the co-pendmg application. 

The Applicants acknowledge the non-provisional double-patenting rejection over the 
listed 15 patents. The Applicants respectfully submit that a double-patenting rejection is 
inapplicable to Claims 1-4 and 8-9 solicited herein inasmuch as they are directed to a method 
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of treating neuropathic pain with a pharmaceutical composition comprising as an active 
ingredient a compound represented by general formula (I) or a pharmaceutically acceptable acid 
addition salt thereof. The Applicants respectfiilly submit that all of the indicated 15 U.S. patents 
do not teach or suggest utilization of the claimed compound in a therapeutically effective amount 
for neuropathic pain. Withdrawal of the non-provisional double-patenting rejection is 
respectfully requested. 

The Applicants acknowledge the rejection of Claims 1 - 4 and 7-9 under 35 U.S.C. 
§102 as being anticipated by EP '847. (The rejection as it applies to Claim 7 is now moot in 
view of its cancellation.) 

The Applicants have amended independent Claim 1 to recite a method of treating 

neuropathic pain with the compound represented by general formula (I) or a pharmacologically 

acceptable acid addition salt thereof which is present in a pharmaceutical composition in a 

therapeutically effective amount for neuropathic pain. EP '847 does not disclose, teach or 

suggest a therapeutically effective amount of the compound represented by general formula (I) in 

a therapeutically effective amount for neuropathic pain. EP '847 provides a wide variety of 

compounds useful as an analgesic, diuretic, hypertensive sedative, immunoenhancer and anti- 

HIV agent. However, there is no disclosure of a method of treating neuropathic pain. The 

Applicants note that neuropathic pain is not applicable to analgesics or vice versa. This is 

demonstrated in the two attached publications as follows: 

Page 1610, right column, lines 2 - 12 of J.M. Besson, "The neurobiology of 
pain", THE LANCET, Vol. 353, May 8, 1999, pp. 1610 - 1615; and 

Page 24, Fig. 2.1 of Alan Cowan, "Animal Models of Pain", Novel Aspects of 
Pain Management: Opioids and Beyond, Edited by Jana Sawynck and Alan Cowan, 
Wiley-Liss, Inc., 1999, pp. 21 - 32. 
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The Applicants therefore respectfully submit that EP '847 is inapplicable to the claims solicited 
herein. Withdrawal of the rejection is respectfully requested. 

In light of the foregoing, the Applicants respectfully submit that the entire Application is 
now in condition for allowance, which is respectfully requested. 

Respectfully submitted. 



T. Daniel Christenbury 
Reg. No. 3 1,750 



TDC:vbm 
(215) 656-3381 
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The neurobiology of pain 



J M Besson 



Understanding the plasticHy of pain and analgesia exhibited In different pain states may Improve therapies for the 
two major types of pain, neuropathic and inflammatory pain, in which nerve and tissue damage leads to alterations at 
both peripheral and central levels. At the level of the peripheral nerve, dmgs that act on particular sodium channels 
may tar^t only pain-related activity. Agents that act on some of the peripheral mediators of pain may control 
peripheral nerve activity. A new generation of non^eroidal anti-infiammatory drugs, cydo-oxygenase 2 inhibitors, 
that lack gastric actions are becoming available. In the spinal cord, the release of peptides and glutamate causes 
activation of multiple receptors, particulariy, the N-methyl-D-aspartate receptor for glutamate, which, In concert with 
other spinal systems, generates spinal hypersensitivity. Bloddng the generation of exdtaWlity is one approach^ but 
increasing inhibitions may also provide analgesia. Opioid actions are via presynaptic and post-synaptic inKibitbry 
effects on central and peripheral C fibre terminals, spinal neurones, and supraspinal mechanisms. Our knowledge of 
brain mechanisms of pain is still, however, limited. Other new targets have been revealed by molecular biology and 
animal models of dinical pain, but the possibility of a "magic buHer is doubtful. Thus, another approadi could be 
single molecules with dual drug actions, that encompass targets where additive or synei^stlc effects of different 
mechanisms may enable pain relief without major adverse effects. . . 



The gate control theory of pain proposed by Melzack 
and Wall* lead to much research in the field of p ain 
Clinicians welcomed this theory because, from a 
functional point of view, it explained, or attempted to 
explain, certain clinical findings that could not be 
accommodated by previous theories of pain which were' 
&r too simplistic. 

. Since die publication of this theory in 1965, our 
knowledge of the neurobiology of pain continues to grow, 
while • discoveries in electrophysiology and molecular 
biology offer glimpses of therapeutic breakthroughs. 
However, I believe diat the gaps between the clinical and 
basic sciences are becoming wider.' To put it simply,. basic 
research is fascinating an4 flourishes in die pujblic eye, yet 
- too often takes a naive approach to the difScult issues 
that clinicians are confronted with in terms of providing 
therapy for certain types of paiiL With few Receptions, 
clinicians have only "old molecules" available with which 
to treat pain. The partial explanation is that research is 
difBcult and takes a long time, for example, the opioid 
receptors were formally identified in 1 973, but we are still 
waiting for die development of an opioid with the efficacy ■ 
of morphine without its side-effects. The best research, 
groups in molecular biology lead the race to clone the 
three main receptors: ix, 6, and k.' Nevertheless, many 
questions are unresolved: the dassic pharmacological 
techniques that have been applied to this field suggest 
that subtypes of the receptors exist, . whereas molecular 
biology has yet to come up with any evidence to support 
this premise. 

Substantial difficulties arise in basic research, and 
before I sketch- out an overview of the neurobiology, of 
pain, I will consider some of these difGcuities. Sderitists 
engaged in research need to take a more realistic" 
approach to their results so that cluudanis are not lead to 
believe that many useful treatments for pain are just 
around the comer. 



Lancet 1999; 353: 1610-15 

INSERM (U XBl), Physiophannacologie du Systeme Nerveux and 
EPHE 2 rue d'Al^ia, 7S014 Paris, Ranee (J M Besson mo) 



Laboratory models 

The relevance or not of the major behavioural tests for 
clini c al pain states has been widei^ debated. Tests used to 
assess antinociceptive activity in the laboratory indude 
noxious heat, pres^e to the .tail or paw, colorectal 
distensioi^ intrapentoi^eal di^miral izritants, anH 
subcutaneous- administration of formalin. In most cases, 
. these stimuli are • applied to healthy animals in the 
abseifce of disorders that commonly occur in patierits 
.\^o 'eatperience pain such as hyperalgesia (extreme 
sensitiveness to painful stimuli),* allpdynia Xpain ..in 
response to a non-noxious mechamcal stimulus)^ and 
hyperesthesia (abnormal* seiisitivity to sensozy stimulus). 
Some of these tests dq>end on spinal mechuiisms, 
whereas others iiiyolve supraspinal structures. Some tests 
have good sensitivity for a particular dass of analgesics, 
but other tests fi-equentiy produce false-positive results. 
In addition, many behavioural experiments u§e only one 
nodceptive test, and the exact method can vary finotn * 
invfestigator to investigator. This situaition means that . 
controversy surrounds the pharmacology of pain," 

Various genetic approaches have been used in pain 
research, but the most popular is a laboratoty model: the 
production of transgetiic mice. For example, substance P 
has actions in the per^heiy and centrally, and mice 
without substance P (after knockout of the 
preprotach}4nnin geue),^* or the neurokinin- 1 receptoi^ 
have been produced. These models are difficult to 
compare since the first model indudes mice without the 
ligand, substance P, and in the second model the receptor 
has been knocked out. Nevertheless, in both cases, 
neurogenic inflammation is substantially 'diminished, 
although somewhat surprisingly there is no change in the 
mechanica l hypersensitivity induced by the inflammatioii. 

Woolf and colleagues* compared in detail -.various 
modds of transgenic mice and identified three general 
&ctors diat are important in terms of the interpretationi of. 
these techniques: the genetic backgrotmd' of. the animal; * 
the developmental change that could be encountered^ 
and the redundancy of certain functions -of sensory ■ 
systems. Although ±ere is no doubt, that the ddetion of 
receptors, charmds, and transmitters by genetic 
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tnanipularions produces a powerful tool for the dissection 
of their roleis in complex neuronal systems^ the results of 
genetic approaches need to be interpreted with caudon 
and large-scale studies are needed to complete 
pharmacological research. 

These laboratory and bdiavioviral models are limited 
because they do not mimic chronic pain states. Chronic 
pain differs substantially from acute pain in terms of die 
persistence of the pain and adaptive changes such as 
neuroplasticity that has been described at various levels of 
the nervous system. Such limitations have led to the use 
and development of more appropriate models of chronic 
pain in the past 10 years. These models include 
inflammatory pain and neuropathic pain. Aldiough they 
are not perfea, the development of such experimental 
models is essential, not only for the detection of new 
analgesics, but also for a better understanding of pain 
syndromes that are difficult to manage clinically. 
Behavioural tests are limited and can be remarkably 
difficult to cany out properly. Clinicians need to realise, 
for example, how hard it can be for a researcher, to 
quantify allodynia by approaching an awake freely moving 
" rat or mouse with a calibrated von Frey hair. 

Other difficulties encountered in the development of 
safe analgesics arise from die complexity of the central 
nervous system. Some of the transmitters and receptors 
that may be involved in the transmission or modulation of 
pain are widely distributed throu^out die dervous system, 
especially in the case of peptides and excitatory or. 
inhibitory aminoadds. Most of these neuroacdve 
substances are involved in multiple physiological functions, 
and so agents developed to target these systems could 
produce widespread side-effects. Additional difficulties 
result from the multiplicity of receptors and the po- 
localisation of more than one neurotransmitter in a single* 
neuron. A further. complexity of the network. is that some 
peptides or exdtatoxy aminoadds, for example substance P 
and glutamate, are localised not only in primary afferent 
neurons but also ,in intrinsic spinal neurons and 
descending fibers. Thus, caution is needed in interpreting 
the data and to avoid the temptation of becoming 
infetuated with the molecule of the moment. 
• In this paper, I review current knowledge of the different 
stages in tiie transmission of noxious messages 5rom the 
periphery to the brain. Later in this series, Fernando 
Cerverp and Jennifer LainT will examine visceral pain and 
-Clifford Woolf and Richard Martin* will explore 
neuropathic pain. 

The peripheral jungle 

A widely held assumption is that there is no spedfic 
histological structure that aces as a nodceptive receptor 
and that noxipiis messages arise from the activarion of 
free unmyelinated terminal arborisations found in 
cutaneous, muscular, joint tissues, and in certain visceral 
structures. The nodceptive messages are then transmitted 
by thin myelinated .(A6) or non-myelinated (C) fibres, 
although not all of the fibres are necessarily nodceptocs. 
Studies in animals and hiunan beings have identified 
various types of nbdceptors.* Various classification 
systems have been proposed, for example, in cutaneous 
tissue in man the existence of unmyelinated polymodal 
nociceptors, which are responsive to thermal, mechanical, 
and chemical stimuli (with a slow conduction velodty of ' 
<2 m/s) have been established. Similariy, Meyer and 



Receptors localised on primary afferent fibres and their 
ligands from neurbrial and non-neuronal origins 
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colleagues*** identified A5 mechanothermal nodceptocs 
and high threshold A5 medianoreceptors, A8 and C 
nodceptors have been clearly identified in fibres, 
iimervating joints and muscles, but not in viscerae where 
the situation is much more complicated. Thus, although 
certain fibres are undoubtedly nodceptors, others are 
activated by non-noxious stimuli but then increase their 
activity as the intensity of the stimulus increases. 

Sensitivity 

When a stimulus is repeated nodceptors exhibit 
sensirisation in that there can be a reduction in the 
threshold for activation, an increase in the response to a 
given stimuius, or die appearance- of spontaneous activity. 
This sensitisation of nodceptors results &om die actions 
oif second messenger systems activated by die release . 
of several inflammatory mediators (bradykinin, 
prosta^andiris, serotonini histamine)." These effects, 
which seem to be specific to the different groups of 
nodceptors, cause some of the features of die hyperalgesia 
produced by padiological processes. Indeed, primary' 
hyperalgesia, which by definition occurs at the site of tissue 
damage ..and can also be produced by mechanical and * 
thermal stimuli, accounts for much of the peripheral 
sensitisation of nodceptors, although some sensitisation 
s^ms be due to central mechanisms of hyperexdtabiUty. ■ 

Steeping nociceptors . 

Another important finding is that many nodceptors cannot 
normally be activated and become cxdtable only under 
pathological conditions such as inflammation. These are 
the silent or sleeping nociceptors, first described by 
Schaible and Grubb" in joint tissue. These nodceptors 
have subsequendy been foimd in visceral and cutaneous 
tissue. This simple example illustrates how classification 
can be too rigid. The terminals of nociceptors and their 
microenvironmenthdve been described as a jun^e through 
which a sdentist has difBculcy in forging a route to find the 
secrets contained within. 

In 1997 Carlton and Coggeshall," summarised the 
receptors foimd on afferent fibres (panel), whidi they 
described by anatomical, dectrophysiological, and 
pharmacological approaches. The panel includes ligands of 
neuronal origins contained and released into the periphery 
by nodceptive fibres and ligands with non-neurooal 
origins. This long list is in fact even more complex since 
many receptors can also be separated into subtypes. 
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Pharmacology 

I provide only a brief review of the pharmacological 
fcanires of peripheral nocicepdonj several in-depth 
reviews have been published.**"" Various chemicals 
(bradyldnin, histamine, serotonin^ prostagjandins, 
potassium, protons) are released into damaged tissue cells 
of vascular origins (platelets, neutrophils, lymphocytes, 
and macrophages) and also by mast cells. When injected 
by the intradermal route, some of these chemicals induce 
nociceptive reactions and can modify the activity of 
nociceptors either by direa activation or by sensitisarion 
to different types of stimuli, such as thermal, mechanical, 
and chemical Bradykinin, for example, a powerful algogenic 
substance released from kininogens in the circulation 
activates nociceptors in a way that is dependent on 
protein kinase C and calcium and sensitises nociceptors 
by means of the activation of postganglionic sympathetic 
neurones which then produce prostaglandin E2. 

Several peptides are contained within primary afferent 
fibres and their profile can be altered by sustained 
stimuli or by damage to the nerve/*-" Although the roles 
of several of these peptides are unclear (galanin, 
somatostatin, cholecystokinin, vasoactive intestinal 
peptide), others such as substance P and calcitonin gene 
related peptide can be released into the periphery via the 
classic axon reflex. The role of substance P in neiurogenic 
. inflammation has been cleariy shown. The peptide causes 
a degranulation of mast cells", and thus the release of 
histamine, vasodilatation, and plasma extravasation with 
the subsequent release of other algogens (bradykinin, 
serotonin} and the activation of other inflammatory 
cdls (macrophages, monocytes, aad lymphocytes). 
Furthermore, substance P is able to induce production of 
nitric oxide, another vasodilator fi-om the endothelial 
layer of blood vessels. 

Apart from these substances which, in broad terms, are 
liberated soon after tissue damage, other factors such as 
the cytokines (interleukinSj interferon, and tumour' 
necrosis &ctor), are released by phagocyte cells, and cells 
of the immune system and have an important role in the 
•inflanimatory process. The role of bradykinin in the 
sequence of events that lead to the production of the 
cytokines is well established." Some of these agents are 
powerful inflammatory mediators that can activate 
sensory neurones through different mechanisms, some of 
which include the sympathetic nervous system." 
* Nerve growth &ctor has a key role not only in the 
development of sensory and autonomic neurones, but 
also in the processes of nociception." This factor;, which 
is upregulated by* the process of inflammation, is 
produced in the periphery by fibroblasts and Schwann 
cells, and then increases the excitability of nociceptors 
which leads to -hyperalgesia. Various central and 
peripheral mechanisms have been postulated as a basis 
for these actions of nerve growth factor.* The production 
of antagonists, for the receptors — the tyrosine kinase 
fiunily — has the potential to provide a pharmacological 
target for the production of new analgesics to reduce the 
effects of nerve growth factor. 

The prostaglandins and probably also the leukotrienes 
are weak algogens but play a major part in the 
sensitisation of receptors to other substances. The basis 
for the analgesic actions of the non-steroidal anti- 
inflammatory drugs (NSAIDS) is their ability to prevent 
the production of the prostaglandins. Activation of 
phospholipase A2 ,Ieads to the production of arachidonic 



acid from membrane phospholipids, which results in 
the subsequent transformation to thromboxane, the 
prostacyclins, and the prostaglandins. The main action 
of NSAIDs is to inhibit the activity of cyclo-oxygenase, 
the enzyme responsible for the synthesis of the 
prostaglandins, but this action leads to the production 
of side-effects. Great hope has been inspired by the 
characterisation of two isoforms of the enzyme cyclo- 
oxygenase 1 and 2 (COX-1 and C0X-2),"-° produced by 
different genes but with a structural homology of about 
60% of the aminoacid residues. However, both the 
location and regulation of the two isoforms are difierent. 
COX-1 is a constitutive enzyme foutid in endothelial 
cells, platelets, the mucosa of the stomach, and in the 
kidneyj it is involved in the processes of vascular 
homeostasis and the regulation of gastric acid and the 
kidney. Under normal conditions, COX-2 is not found 
in tissues such as prostatic and lung tissue but can be 
produced by different signals from hormones, growth 
factors, mitogens, inflammatory mediators (cytokines), 
and endotoxins (lipopolysaccharides). Thus, the 
expression of COX-2 will link prostagjandin synthesis 
to inflammatory processes. The synthesis of selective 
inhibitors of COX-2. is an important pharmacological 
. goal in terms of the production of NSAIDs without the 
side-effects of the present agents. Some laboratories have 
produced inhibitors of COX-2 the first of which are 
already available for use in human beings. The. anti- 
inflammatory and antinociceptive effects of these agents 
seem to be equivalent to those of mixed inhibitors, but 
the ihain advantage of the new inhibitors will be the 
absence of gastric side-effects in patients with chronic 
pain of inflammatory origins. 

.Molecular and genetic approaches have lead to a 
revolution in physiological and pharmacological research 
in pain, especially at the peripheral level. The cloning of 
various receptors have advanced our understanding of 
the mechanisms of transduction and sensitisation. Major 
breakthrough include the. first cloning of a receptor 
for capsaicin, the active ingredient of chilli peppers,**^ 
and the receptors for the purines, notably the P2X3 (a 
ligaixd-gated ion channel triggered by ATT) which is 
selectively expressed by small-diameter sensory aeurons.". 
Another is the acid-sensing ion channel that is rapidly 
activated by conditions of acidiiy below pH 6-5^ and the . 
tetrodotoxin-resistant sodium channel.^ Inflammatory 
mediators, such as prostaglandin E2, adenosine, and 
serotonin facilitate transmission of action potentials by 
modiGcation of the voltage threshold of several ion 
channels, 'including the tetrodotoxin-resistant sodiuin 
channel. Research is in progress for the production of 
sodium-channel blockers with greater specificity than 
existing agents so that they would not have the cardiac 
and central-nervous-system depressant effects that limit 
the use of present agents. 

■ Ttius, it is clear that there are many encouraging 
approaches that could lead to . the production of . 
peripherally, acting analgesic drugs that do not pass the 
blood brain barrier and so lack central side-effects. 
Another encouraging possibility is that the biological 
prediction of the strucmre of macroraolecules wiU allow 
the three-dimensional structures of receptors to be 
elucidated, -which in tun} could lead to the rational, 
development of agonists and antagonists with great, 
specificity and few side-effects. Many substances with 
neuronal and non-neuronal origins act at the peripheral 
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Interactions between different exdtatoiy and inhibitoiy 
systems in the spinal cord 
. Adapted with permission from Dickenson^ 

level to modulate the activity of nociceptors and various 
interactions can occur between these • mediators. So 
would the modulation of only one of these substances 
sufBcient to alter the level of pain in the periphery — could 
there be a magic bullet with peripheral actions only? This 
option is unlikely on the basis of current pharmacological 
information. Only • an in-depth analysis of the 
physiopathology of die different syndromes diat otiginace 
fiipm peripheral processes can 'guide a clinician in 
prescribing the most effective substance. An alternative, 
approach th^t seems more l&ely is the production of an 
analgesic with mixed peripheral actions, so diat it acts on 
different receptor types, or perhaps a move towards g 
systematic analysis- of the effects of administration of 
several agents. 

Froiti spinal cord to brain 

The spinal mechanisnas of hodception have been 
studied extensively. The detailed characteristics of the 
neurones of the spinal cord implicated in the transmission 
■of painful messages have been described as the segmental 
and supraspinal mechanisms that can modulat^e the 
inforaiation transferred to the brain. But yet again, it is 
the pharmacological characteristics . that attract the 
attention of research- groups. Unfortunately, as with the 
periphery, the dorsal horn of the spirial cord coiitains 
many transmitters and . receptors both identified and 
puirative including: several peptides (substance P, 
calcitonin gene related peptide, somatostatin, 
neuropeptide Y, and galanin); excitatory aminoadds 
(aspartate, glutamate); inhibitory aminoadds (7- 
aminobytyric add [GABA] and glycine)^ nitric oxide; the 
aradiidonic add .metabolitesj the endogenous opioids;, 
adenosine; and the monoamines (serotonin • and 
noradrenaline). This list indicates that there are 
diverse* therapeutic possibilities for the pharmacological 
control of the traiismission of nocicepetive information to 
the brain. I will address the options related to substance P 
and glutamate. Since release of substance P is blocked by 
morphine at the trigeminal level," one would expect this 
peptide to be one of the prindpal neurotransmitters 
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released by primary afferent nociceptive fibres at the level 
of the spinal cord. Although some, although not all, 
smdies show antinociceptive effects of antagonists of the 
receptor for substance P, the neuroldninTl receptor in 
animals, the clinical studies have been disappointing. 
Furthermore, Mantyh and colleagues* finding^ of 
stimulus-evoked intemalisation of the neurokinin- 1 
receptor in the spinal cord raises a number of questions. 
If there is a mismatch at several sites between the 
localisation of substance P and the receptor, why is it that 
after the intemalisation caused by a noxious stimulus, the* 
receptors do not return to the neuronal membrane until 
1 h later? Why does morphine not alter the intemalisation, 
whereas agonists at the GABA B receptor do? 

Further questions emerge when one considers the 
conflicting findings of studies based on different 
experimental approaches. Thus, Mantyh and colleagues'* 
found that selective destruction of the neiirones in the 
superfidal spinal cord that express the neurokinin-! 
. receptor lead to a substantial reduction in allodyiiia .and 
hyperalgesia induced by inflammation and nerve injury. 
These findings dp not accord with the genetic studies that 
showed knockout of the preprotachykinin gene or the 
neurokinin- 1 gene lead to only, minor changes in the 
mice. Thus, whether substance P is indeed an important 
factor in spinal transmission is not known. Perhaps it is 
not surprising that dinical studies with antagonists of ' 
substance P itL migraine, pain after dental surgery, in 
rheumatoid arthritis, and posthepatic neuralgia have been 
.unsuccessful" 

The exdtatory aminoadds (notably glutamate) are not 
. only the major dass of excitatory transmitter in the 
central nervous system, but are released by primary 
afferent fibres and have an important role in . the spinal 
mechanisms of pain transmission. Various • receptors 
. and subtypes are involved at the spinal level (AMPA, 
mecabotrophic, kainate), but it is the N-methyl*D- 
asparate (NMDA) receptor that has attracted most 
attention. 

^•The NA4DA receptor is important in the synaptic 
events that lead to central sensitivity and hyperalgesia.'*^ . 
Thie release of peptides such as substance P into the 
spirial cord on afferent stimulation removes the 
magnesitim 'block of the channel of the NMDA receptor 
and thus allow glutamate to activate the NMDA receptor - 
in a range of persistent pain states. This process, unlike 
other spinal changes, leads to the generation of spinal 
hypersensitivity and amplification of peripheral inputs. " 
Furthermore, activation of the NMDA receptor leads to 
an entry of. calcium into the neurone which* can tfien 
produce other .mediators from spinal neurons" by 
increasing the activity of enzymes. For example, nitric- 
oxide synthase generates a gas, nitric oxide, that acts as a 
. finely difiiisible transmitter and in a complex way 
exacerbates the noxious transmission.^^ The entry of - 
caldum can also activate phospholipases and lead to the 
spinal production of prostanoids, an effect that may be 
the basis for the central actions of NSAIDs." 

The figure shows some of the other possible targets at 
the spinal levd for the control of the' transmission of 
nociceptive messages. These include GABAei^c systems, 
antagonists of cholecystokinin, the inhibitors of the * 
etizymes that degrade the' 'endogenous opioids, and 
agonists that act at the opioid receptors."-^' Morphine 
exerts a. powerful depressive action. direcdy in the spinal 
cord,**** which is the basis for the clinical applications of 
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spinal routes of opioid analgesia. Morphine also acts at 
the brainstem and midbrain levels to alter the activity of 
descending control systems that are projected from these 
sites to the spinal cord. Studies on the direct and indirect 
spinal actions of morphine started 30 years ago and 
have emphasised this important site in the productiori 
of analgesia. However, few studies have examined 
supraspinal mechanisms in vivo. The importance of the 
spinal mechanism (direct or indirect) compared with, the 
actions mediated by supraspinal structures is not known. 
Numerous regions of the brain are rich in opioid peptides 
and the mRNAs for the opioid receptors.** The 
supraspinal actions of opioids are commonly 
underestimated and may .have a key role in the analgesic 
/ effects of systemic morphine. Rnallyj for the sake of 
completeness. Stein's*' finding of a peripheral 
antinociceptive site of action of opioids in hyperalgesic 
inflammatory conditions in mice indicates that the 
local application of opioid agonists or the systemic 
administration of agonists that do not cross the blood 
brain barrier could provide analgesia in certain clinical 
situations. Some clinical studies lend support to this 
premise, but it is too early to state definitively that this 
technique has therapeutic value. 

The figure also shows the involvement of descending 
pathways that use serotonin and noradrenaline to control 
nociception.** Many experimental smdies have shown 
that serotonin is important in pain, yet apart from in 
headache, the production of many analgesics acting . on^ 
serotonin (5HT) receptors has been confounded by the 
number of different types and subtypes of the receptors. 
By contrast, the pharmacology of the systems tiiat use , 
noradrenaline as a transmitter are much simpler and, so, 
agonists at the a2 adrenoceptors, such as clonidine, have 
substantial analgesic effects in antmak and lesser but still 
obvious effects in man. However, the agonists at the a2 
receptor possess important side-effects and so adrenergic 
receptor agonists which have improved potency and 
selectivity are the focus of research based on subtypes of 
the receptors. 

The. myriad substances, implicated at the spinal level in 
the. transmission and modulation of pain messages leads 
to the sainc question that arises at the peripheral level. Is 
it realistic to expect the development of a single magic 
bullets or would it be possible to produce one molecule 
.with dual pharinacological actions or use a combination 
of drugs (multimodal analgesia) to elicit synergistic or 
additive actions of the combination? Many examples. exist 
of this approach, such as the association of morphine with 
agonists at die a2 receptor or with antagonists at die 
cholecystokinin and the. NMDA receptor. This type of 
approach has the dual advantages of improved effects 
and fewer side-effects through use of lower doses of • 
each agent. This example is only one among many 
combinations other than with morphine. Although this 
approach is less spectacular than the magic bullet, it 
could be more beneficial to the patient and could be tised 
as general principle in this research. 

Multipe ascending pathways to the brain 

Combinations of electrophysiological and anatomical 
techniques are increasingly used to identify neurones at 
the origins of the main ascending pathways and also their 
termination zomes at higher centres of the brain.****' 
These neurones at the origins of the ascending pathways 
are located in superficial and deep laminae of the dorsal 



horn. Although some still hold to the idea of specificity of 
pain pathways,** this concept is highly controversial 
There are multiple pain pathways, including the classic 
routes (spinothalamic tract, the different components of 
the spinoreticular tract), the spinocervico thalamic tract, 
the postsynaptic dorsal column fibres, and the visceral 
nociceptive tracts that run in the posterieur columns. 
Villanueva and Bernard*' have described how the several 
ascending pathways, quite different from each other, 
project to the mesencephalon and the diencephalon.**.In' 
addition, the activation of long and short propriospinal 
circuits cannot be excluded, and it must be underlined 
that in these studies of ascending pain pathways, 
mechanisms of chronic pain are frequendy explained on 
the basis of studies on nociceptive in acute pain, without 
taldng into account spinal-cord readjustment (plasticity) 
after the lesions. Systematic studies of patients with • 
different spinal lesions and disorders that can be 
undertaken with current imaging techniques will provide 
new information and a better imderstanding of the 
physiopathological features of these ascending pathways. 

On the basis of this multiplidty of pain pathways, it is 
not surprising that positron emission tomography or 
functional magnetic resonance imaging have revealed 
activation of varioxis brain regions during acute pain.** 
Although the results are feirly consistent in healthy 
patients, controversies have arisen from studies in 
patients with chronic pains. These data tend to support • 
the idea that pain is not a uxiique -consequence of 
impulses in specific, unidirectional hardwired lines that 
originate in the periphery and terminate in the central 
nervous system. We are still in the early stages of the 
exploration of the human brain, but ^controlled studies 
will allow the identification of the regions of the brain 
that are involved in the different components of pain. At 
these levels in the brain the pharmacological approaches 
falter, which is die main reason for the major thrust to 
target new analgesics at the spinal and peripheral levels. 
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CHAPTER 2 



ANIMAL MODELS OF PAIN 
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^ , What type of test is most commonly used in preclimcal phannacological re- 
\ % search? Procedures involving the measurement of nociception and its suppres- 
; sion are likely contenders, given the regular appearance of pain-related reports 

in the scientiiic literature. Overtly simple tests from the 1940s (e.g., hot plate, 
y!f%' tail flick) that established the antinociceptive potencies of early opioids are still 
in use today. The chemical nature of new analgesics has certainly changed over 
the years, yet the hot plate test links the assessment of meperidine by Woolfe 
and Macdonald in 1944 with the evaluatibn of, say, the delta agonist [D-Pen^ 
l:^^ D-Pen^Jenkephalin by Sora and colleagues in 1997. Anodier example: the tail 
lUf flick procedure is the enduring constant, linking definitive assays of moq)hine 
and codeine in white mice (Wirth, 1952) with current comparisons of morp^e 
and methadone in CXBK counterparts that are naturally insensitive to systemic 
- morphine (Chang et al., 1998). Indeed, both methods (along with the phenyl- 
^r-- y quinone writhing assay) continue to provide initial antinociceptive data on the 
'J assorted coizq)ounds submitted to the College on Problems of Drug Dependence 
'^^i for evaluation as potentially "nonaddicdng" analgesics (e.g., Aceto ct al., 1998). 
'^ti^ it might, be expected that after five decades of experience with these well- . 

'J established tests, few practical problems would remain. This is not the case. 
\ Debate over what aspect of animal behavior represents the most appropriate 
nodfensive response and how the response should be quantified bede\'ils the 
whole field of analgesiometry. For example, rats can respond in a number of 
ways to the heat stimulus provided by the hot plate. Licking of either the 
forepaws or hindpaws, lifting paws off the hot surface, jumping, and squeaking 
represent possible end points. Some researchers record latency to the first ap- 
pearance of any of tiiese signs (e.g., Plone et al., 1996). Others question the 
; ; ^' equivalence of the behaviors and recommend the more exacting end points of 
. , . latency to hindpaw lick or vertical jump (Hammond, 1989; Carter, 1991). 
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Another ongoing debate is concerned with the relevance of drug-induced 
changes in tail skin temperature in interpreting data from tail flick tests (Hole 
and Tj0lsen, 1993; lichtmaxi et d., 1993; Roane et ,al., 1998). Even an issue 
as basic as selecting the arbitrary cutoff time in thermal assays, first suggested 
by Harris and Herson in 1964 and adopted by counUess researchers since then, 
has been recently questioned by Carmody (1995). Thus the common practice 
of calculating the "maximum possible effect" (MPE) according to the follow- 
ing formula for each dose of test agent varies with the particular cutoff time 
chosen and is therefore deemed (correctly) to be "a deeply flawed concept**: 

crxATiT: Cfest latency - Control latency) 

%MPE = — ' r— X 100 

(Cutoff latency ~ Control latency) 

NATURE OF THE NOCICEPTIVE STIMULUS 

The intensity and modality of the noxious stimulus are two experimental var- 
iables that have been investigated extensively by analgesic researchers. It is 
noteworthy that WboLfe and Macdonald (1944), in tfieir pioneering study with 
die hot plate, examined the activity of test compounds in mice with the zinc 
plate set at four different temperatures (55°-70°C). More recently, findings 
from the following groups are of particular importance in the search for alter- 
native analgesics to morphine, for example, agonists at kappa opioid receptors 
(Rajagopalan et aL. 1992), 

Shaw and colleagues (Delaney et aL, 1986; Shaw et al., 1988) documented 
the subcutaneous potencies, of standard opioids in several pain models and 
concluded that the mouse abdominal constriction test (0.4% acetic acid) was 
most sensitive to the opioids, and the mouse (SS^^C) hot plate test was least 
sensitive; rat tail flick and rat paw pressure tests were comparable and of in- 
termediate rank. One conclusion to emerge from this work is well-recognized 
and can be restated here: the stimulus associated witii the traditional mouse hot 
plate test is too high for satisfactory evaluation of many moderate-efBcacy 
kappa agonists (e.g., enadoline, Hunter et al.. 1990). 

Parsons and Headley (1989) conducted electrophysiological studies with 
opioids in spinalized, anesthetized rats and demonstrated the importance of 
intensity of the noxious stimulus, rather than the particular modahty used. 
These workers monitored mu- and kappa-induced suppression of firing by spi- 
nal motoneurons elicited by matched intensity thermal or pressure stimuli. Un- 
der these special circumstances, intravenous kappa agonists had similar effects 
to fentanyl (a standard mu agonist) against heat and pressure. The key concept 
of matching the intensity of noxious stimuli in analgesic testing was developed 
by MiUan (1989), who examined mu and kappa agonists in rat taQ flick and 
tail pressure procedures, Subcutaneously administered kappa agonists were 
equipotent with morphine and fentanyl against moderate, matched-intensity 
heat and pressure stimuli. Stimuli termed "moderate" were matched in tfie 
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sense that a particular rat responded to both heat and pressure within 3.5-4,4 
sec. Interestingly, the kappa agonists (U-50488 and- tifluadom) differed from 
morphine and fentanyl by failing to suppress rat squeaking when electrical 
stimulation (a stimulus of high intensity) was applied to the animal's tail. Note, 
however, that subcutaneous administration of U-50488 and tifluadom are 
antinociceptive against this particular noxious stimulus under different ex- 
perimental conditions, for example, when the rat's tooth pulp is stimulated 
electrically and the jaw opening response is monitored (Steinfels and Cook, 
1986). 

It is now clearly established that lowering the intensity of the noxious stim- 
ulus can uncover antinociceptive activity for a variety oif . compounds in, for 
example, hot plate (Ankier, 1974; O'Callaghan and Holtznian, 1975; Zimet et 
al., 1986) and tail flick/dip tests (Gray et al., 1970; Granat and Saelens, 1973; 
Luttinger, 1985; but see Seguin et al„ 1995). The experimental strategy of 
lowering the temperature of the nociceptive stimulus has been taken to the 
extreme by Pizziketti et al. (1985), who described a cold water adaptation of 
the rat tail dip test. A 1 : 1 solution of ethylene glycol and water cooled to - 1 0°C 
(in a cold water circulating bath) served as the noxious stimulus, [D-Pen\ D- 
Pen^lenkephalin (DPDPE), when given intracerebroventricularly to rats, was 
active in this procedure but gave an unimpressive dose-response cur\'e in the 
(50''C) hot water version of the test (Adams- et al., 1993). This differential 
finding may represent a notable characteristic of delta agonists and should be 
studied further with additional compounds of this class. This comment also 
applies to dynoiphin A, an endogenous kappa agonist that displays the same 
contrasting effect as DPDPE in the two tests (liseo et al., 1988). 

The above introduction provides a general background to the field of noci- 
ception and antinociceptive agents. In the remainder of the chapter, recent in- 
formation is summarized on thase animal tests that are currently used to eval- 
uate new analgesics. 



ACUTE PAIN 

Tests involving acute nociceptive noxious stimulation have been reviewed ex- 
tensively in the preclinical pharmacological literature. The four key references 
on acute tests, listed in Table 2,1, can be strongly recommended to both sea- 
soned investigators and newcomers to the field of algesiometiy. Thus Taber 
(1974) presents the strengths and limitations of standard methods involving 
chemical, thermal, mechanical, and electrical stimuU. Such fundamental aspects 
of analgesic testing as stimulus intensity (discussed above), route of adminis- 
tration, and choice of data analysis are discussed with reference to the drugs 
of the time, including morphine, pentazocine, and aspirin. These issues are 
developed at bpth practical and scholarly levels by Franklin and Abbott (1989), 
Hammond (1989), and EHibner (1994), and it is clear that, however "old fash- 
ioned" the acute tests may seem nowadays, their appropriate use has been 
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TABIJE 2.1 Preclinical Pain Tests Used in Screening for New Analgesics 



Pain Model 



Acute 



Persistent 



Chronic 

Incisional 
Visceral 



Neuropathic 



Test 



Hot plate, tail flick, paw ^ 
pressure, tooth pulp, 
writhing 

Formalin 



Adjuvant-induced arthritis 

Paw incision test 
Colorectal distension 



Chronic constriction injury 
Partial nerve ligation 
Spinal nerve ligation 
Streptozotocin diabetes 



Key References 

Taber (1974). Franklin 
and Abbott (1989), 
Hammond (1989), 
Dubner (1994) 
Tj0lsen et al, (1992), 
Ponro and Cavazzuti 
(1993), Aloisi and 
Carii (1996) 
Colpaert (1987), Besson 
. and Guilbaud (1988) 
Brcnnan ct al. (1996) 
Ness and Gebhart (1988), 
Gebhart and Sengupta 
(1995) 
Bennett and Xie (1988) 
Seltzer et al (1990) 
Kim and Chung (1992) 
Courteix et al. (1993) 



.responsible for the initial selection and subsequent therapeutic exploitation of 
today's analgesics (Table 2.2). Of course, the pessimistic view would be that 
these procedures (although still helpful in the study of pain processes per se) 
have served their purpose in providing clinically useful drugs, but new ap- 
proaches arc now necessary to discover novel analgesics with different mech- 
anisms of action. As indicated below, the unveiling of new animal models of, 
for example, neuropathie pain (not mentioned in reviews of the 1980s), along 
with the discovery of compounds that are active in such models, have main- 
tained the brisk pace of research into analgesics throughout the 1990s. 



Methodological Updates 

The rhesus monkey wann water (SO-SS^'Q tail withdrawal test was originally 
introduced by Dykstra and Woods (1986) to allow direct comparison of 
analgesic-induced effects on nociception, respiration, urine flow, self- 
administration, drug discrimination, and physical dependence in the same spe- 
cies. Good antinociceptive efficacy has been demonstrated recently for mu (al- 
fentanil) and kappa (enadoline) agonists when die water was maintained at 
55T (France et al.. 1994); dynoiphin A-(l-13) (Butehnan ei al., 1995a), bu-. 
toiphanol (Butelman et al., 1995b), and SNC 80, the nonpeptidic delta agonist 
(Negus et al., 1998), were much less efficacious. 
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greening for New Analgesics 

Key References 

Taber (1974X Franklin 
and Abbott (1989). 
Hammond (1989), 
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Porro and Cavazzuti 
(1993), Aloisi and 
Carli (1996) 
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Brennan et al. (1996) 
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Gebhart and Sengupta 
(1995) 
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Seltzer et al. (1990) 
•Kim and Chung (1992) 
Courteix et al. (1993) 
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TABLE 2.2 Antinociceptiye Tests Reported in Primary Papers on (Representative) 
Marketed Analgesics 



Analgesic 



Class 



Ibst/Activity 



Reference 



Butoiphanol 

Buprenotphine 

Nalbuphine 
Bromfehac* 

Tramadol : 

Meloxicam 



Opioid agonist- 
antagonist 



Mu opioid pardal 
agonist 

Opioid agonist- 
antagonist 
NSAID 



Atypical opioid 



COX-2 preferring 
NSAID 



Hot plate (+) 
Skin twitch (-) 
Tail flick (±) 
Writhing (+) 
Tail flick (±) 
Tail pressure (+) 
Wridung (+) 
Hot plate (-) 
Writhing (+) 
Antibradykinin (+) 
Tail clip (-) 
Writhing (+) 
Hot plate (+) 
Tail flick (+) 
Writhing (+) 
Hot plate (-) 
Inflamed paw 

pressure (-f ) 
Tail clip (~) 



Pircio et al. (1976) 



Cowan et.al. (1977) 



Emck and Heel (1983) 
Schmidt et al. (1985) 
SanciHo et al. (1987) 



Raffaetal. (1992) 



Engelhardt et al. (1995) 



"Withdrawn in June 1998 because of drag-induced liver toxicity. 



Dilute solutions of acetic acid and phenylquinone are Injected intrapeiito< 
:iw neally in mice to precipitate writhing/stretching in the popular abdominal con- 
|M striction test Observing the nuce can be tedious and time consuming. Adachi 
(1994) has described a mechanoelectro transducer that autoniatically and ob- 
i: jecuvely counts each writhe after the acetic acid. There was a good correlation 

^ between results from human observation and from the detecting unit when 

} standard agents were assayed. 

'r^* ' Dilute solutions of acetic acid have also been used by Stevens and colleagues 

to demonstrate the antinociceptive potencies of opioids, given systemicaUy, 
spinally, or supraspinally to northern grass frogs (Stevens et al., 1994; Stevens, 
1996; Stevens and Rothe, 1997). The test involves placing a single drop from 
one of 10 dilutions of acetic acid on the frog's hindlimb and observing the frog 

i for 5 sees for a wiping response. In the absence of a response (e.g., after 

' morphine administration), the acid is flushed away with water and the next 
dilution is tested, and so on until a wiping response occurs. On the basis of 
studies such as these, Stevens is advancing a case (on both ethical and eco- 
nomic grounds) for replacing rodents with frogs when new opioid agents are 
to be screened. 
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The intraperitoneal injection of endothelin-l (ET-1) into niice causes the 
animals to writhe as if given acetic acid or phenylquinone, Raffa and colleagues 
(1996) believe, however, that the underlying mechanisms differ. Their evidence 
is based, partly, on differential antinociceptive ED50 values for 36 standard 
compounds tested against equieffective doses of the three noxious agents. Of 
particular note was the good activity of diazepam and several other benzodi- 
azepines against (specifically) ET-l-elicited writhing. The procedure holds 
promise as a model for ischemic pain of visceral organs and for the discovery 
of compounds that otherwise are inactive in conventional writhing assays. 



PERSISTENT PAIN 
Formalin Test 

Dubuisson and Dennis (1977) are usually given credit for bringing the rat 
formalin test to the attention of pain researchers. They emphasized the contin- 
uous (rather than transient) nature of the noxious slhnulus and the opportunity 
for the animals to behave spontaneously. The injection of a dilute solution of 
formalin into the hindpaw of a rat elicits at least two nodfensive behaviors: 
flinching/shaking of the paw and/or hindquarters and licking/biting of the in- 
jected paw (Wheeler-Aceto et al., 1990). The behavioral response to formalin 
is .biphasic. An acute/early phase lasting about 10 min is caused by activation 
of peripheral nociceptors. This is followed, after a short quiescent period, by 
a tonic/late phase persisting from 20 to 90 min after injection and linked to 
ongoing activity in primary afferents and increased sensitivity of dorsal horn., 
neurons. The tonic/late phase is initiated, at least in part, by activation of N- 
methyl-D-aspartate (NMD A) receptors in the spinal cord (Dickenson and Sul- 
livan, 1987; Haley et al., 1990). 

Foimalin-induced hyperalgesia represents a behavioral model of tonic chem- 
ogenic pain. The procedure has involved the use of mice (e.g., Murray et al., 
1988; Shibata et al., 1989; Mogil et al., 1998), rats (Wheeler-Aceto and Cowan, 
1991; Chaplan et aL, 1997; Hammond et al., 1998), gerbils (Smith et al., 1994; 
Rupniak et al,, 1996; Chapter 7 of this volume), cats (Dubuisson and Dennis, 
1977), and rhesus monkeys (Aheja et al., 1984), and practical issues relevant 
to the model have been reviewed succinctly by Tj0isen and colleagues (1992). 
A simple modification, involving the injection of formalin into the vibxissal 
pad of rats and monitoring the duration of lip rubbing, has facilitated the study 
of orofacial pain and its suppression by drugs (Clavelou et al., 1989, 1995; 
Eisenberg et al., 1996). 

The formalin test has grown enormously in popularity over the last decade 
and it is arguably the most commonly used model of postoperative pain in 
current analgesic research. An indication of this acceptance is displayed in 
Figure 2.U where the papers that have appeared in the joumal Pain and in 
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Figure 2.1 The number of papers describing the formalin test that were published in 
the journal Pain in 3-year periods between 1986 and 1997. 
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which the formalin test is featured arc shown in 3-year histograms since 1986. 
The steady rise in use across time is apparent. 



Methodological Update 

The numerous variables associated with evaluation of antinocicepdve activity 
in traditional (acute) procedures (Hammond, 1989) are also of concern in the 
formalin model. Thus such well-recognized factors as strain, age, and stress 
level of test animal, site/route of injection, and choice of data analysis can all 
influence the shape and position of a compound's dose-response curve against 
the formalin noxious stimulus. A perennial cridcism of phasic pain studies can 
also be directed at accumulating data from the formalin test: how meaningful 
is an antinociceptive-50 value that depends entirely on a top dose of '*anal- 
gesic" inducing behavioral depression and/or motor dysfunction in the ani- 
mals? Or again, is the noxious stimulus (formalin) standardized such that find- 
ings may be compared across laboratories? This latter issue is considered in 
the following section. 

Formalin Concentration and Nocifensive Behaviors. Commercially 
available formaldehyde solution (Merck and Co.) contains 36-38% formal- 
dehyde along with 10-15% methanol (which acts as a stabilizer). A 1% for- 
malin solution is made with 0.1 ml of formaldehyde in 9.9 ml of water (or. 
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more usually, saline) so that the fonnaldehyde concentration is roughly 0 37% 
(Teng and Abbott, 1998), 

Use of formalin concentrations between 1 and 5% has been recommended 
when studying drug-induced antagonism of tonic/late phase licking/biting in 
mice (Hunskaar et al., 1985; Murray et al., 1988; Rosland et al., 1990). On the 
basis of several recent reports, 20 yA of 2.5 or 5% fonnalin injected subcuta- 
neously into either the dorsal or plantar surface of a mouse hindpaw is becom- 
ing the standard noxious stimulus in this test (e.g., MiUan and Seguin, 1994; 
Noble et al., 1995; Wettstein and Grouhel, 1996; Bittencourt and Takahashi' 
1997; Rupniak et al., 1997). 

With rats, the choice of formalin concentration is no trivial matter and can 
influence the outcome of an assay, particularly if non-moiphinelike agents are 
being screened (Poon and Sawynok, 1995). For example, in the more com- 
monly monitored late phase, nociceptive responses to 50 fil of 5% formalin, 
but not to 50 fil of 1 % fonnalin, were suppressed in a dose-related manner by 
intraperitoneal administration of the anti-inflammatory drugs ibuprofen <40- 
250 mg/kg) and dexamethasone (1-6.25 mg/kg) (Yashpal and Codeixe, 1998), 
The stimulus intensity -drug response relationship can also work in the opposite 
direction; thus the potency of intraperitoneal caffeine against late phase flinch- 
ing is increased by a factor of 8 when 20 julI of 5% formalin is replaced with 
20 jxl of 2% formaUn (Sawynok and Reid, 1996). It is therefore prudent to 
study new compounds against at least two concentrations of formalin before 
reaching a conclusion on antihypcralgesic activity in the test. Concentrations 
of fonnalin within the I -5% range would seem to be reasonable choices if 
either the incidence of late phase flinching (Ossipov et al, 1996; Ding et al., 
1997a) or a weighted-scores measure (Dubuisson and Dennis, 1977; Matthies 
and Franklin, 1992) is used to quantify nociceptive behavior. This is because 
both flinching and weighted-scores increase in a linear fashion up to the sub- 
maximal concentration of 5% formalin (Codene et al., 1993; Wheeler-Aceto 
and Cowan, 1993; Jett and Michelson, 1996; but see Abbott et al., 1995 and 
Watson et al., 1997). 

Two automated systems have been reported recently to provide an objective 
measim: of formalin-induced nociceptive behavior in rats. Jett and Michelson 
(1996) described a computer-driven, dynamic-force detector that specifically 
quantifies nociceptive "agitation" behaviors (flinching and hcking/biting) of 
rats placed in small polycarbonate observation tubes (Figure 2.2). A good cor- 
relation was found between the agitation response and two manual- assessments: . 
inddence of flincliing and the weighted-scores measure of Coderre et al. 
(1993). Jourdan and colleagues (1997) described an automated system (Video- 
track) based on computerized image processing that also measured pain-related 
behaviors Qicking, biting, grooming), as well as motor activity, of rats allowed 
to explore a large plastic chamber. The authors validated their procedure against 
the weighted-scores measure of Dubuisson and Dennis (1977). It remains to 
be seen to what extent these automated devices will be used in pain research 
and drug discovery. 
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Figure Z2. A rat (125-170 g) in an observation tube (16 cm long; 8 cm vddt) po- . 
sitioned in the cradle of a load cell of the automated behavioral measuring system. 
Reproduced from Jett and Michelson (1996), with permission of the publisher. A com- , 
mercial version that monitors up to 24 animals at a time is available from AccuScan 
Instniments (Columbus, Ohio). 



Pharmacological Update 

Antihyperalgesic activity has been claimed for a formidable array of com- 
pounds in the niouse/rat formalin test, particularly in the late phase. For ex- 
ample, in addition to positive findings with mu» kappa,. and delta opioids (Pel- 
issier et aL, 1990; Murray and Cowan, 1991; Hammond et al,, 1998) and 
several currently marketed analgesics (Table 2.3), recent results indicate activity 
for bradykinin antagonists (Corcea and Calixto, 1993; Correaet al., 1996; Sufka 
and Roach, 1996), capsaicin analogues (Dray and Dickenson, 1991; Hua et al., 
1997), adenosine analogues (Poon and Sawynok, 1995; Reeve and Dickenson, 
1995), 7-aminobutyric acid agonists (Dirig and Yaksh, 1 995; Kaneko and Ham- 
mond, 1997), nonsteroidal anti-inflammatory agents (NSAlDs) (Clanive and 
Meyer-Carrive, 1997; Euchenhofer et al., 1998; but see Dirig et al., 1997a), 
antidepressants (Acton et al., 1992; Jett et al., 1997) and antiepileptics (Field 
et al., 1997b; Shimoyama et al., 1997; Carlton and Zhou, 1998; and quoted in 
Nakamura-Craig and Follenfant, 1995). 
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TABLE 2.3 Potencies of Analgesics against Severe (Cancer) Pain in Humans 
and against Formalin-Induced Flinching in Rats 



Analgesic Equi analgesic Dose A50 (mg/kg, s.cf 

(mg, i.m.)* 



Buprenorphine 


0.4 


0.03 (0.02-0.04) 


Butoipbanol 


2 


0.14(0.02-0.39) 


Moiphine 


10 


0.58 (0.47-0,71) 


Nalbuphine 


10 


Curvilinear DRC; maximum 






antihypcralgesic effect = 57% 


Pentazocine 


60 


0.92(0.66-1.2) 


Ketorolac 


.10-30^ 


Curvilinear DRC; maximum 






antihyperaJgesic effect = 47% 


Tramadol 


rf 


2.1 (13-3.0) p.o. 


Codeine 


200 p.o. 


25.8 (16J-41.6) p.o. 



•Fbley (1985). 

.*Cowan et al. (1990) and Wheeler-Aceto and Cowan (unpublished results). A50 values and 95% 
confidence limits were deterroined by linear regression analysis from the percentage antagonism 
of formalin-induced (late phase) flinching. 
'Staquet (1989); Eisenbcrg ct aL (1994). 
lender study (Budd. 1995)! 
DRC = dose-response curve. 

Two classes of pharmacological, agent have been studied extensively in the . 
fonnalin test; antagonists at neurokinin (NK) receptors (Seguin et al., 1995; 
Iyengar et al., 1997; Sakurada et al., 1997) and NMDA receptor antagonists 
(Kristedsen et al„ 1994; Elliott et al., 1995), It has been quite difficult to 
demonstrate specific antinociceptive activity for NKi receptor antagonists 
against the fonnalin noxious stimulus (Rupniak et al., 1995). This was a por- 
tent, perhaps, of the disappointing results obtained with these compounds in 
clinical trials involving migraine and dental pain (Chapter 7 of this volume). 
Several competitive and noncompetitive NMDA receptor antagonists are un- 
impressive in acute nociceptive procedures yet are active in the late phase of 
the fonnalin test (Chaplan et al., 1997; Chapter 8 of this volume). Unfortu- 
nately, the association of motor dysfunction in the animals with some of the 
higher intrathecal doses under test has been a confounding factor when at- 
tempting to establish dose-response relationships (Coderre and Van Empel, 
1994). Nonetheless, despite concern over a narrow therapeutic window, two 
well-known NMDA receptor antagonists — dextromethorphan (the antitussive) 
and memantine (the antiparkinsonian agent) — have progressed through clinical 
trials. Dextromethorphan will be used primarily for treating cancer pain (when 
given in combination v^dth moiphine) and possibly arthritic pain (when given 
in combination with an NSAID) (Price et al., 1996). The indication for me- 
mantine is neuropathic pain. For present purposes, note the key role that the 
fonnalin test is playing in the primary evaluation of tomorrow's analgesics from 
the compound activity profiles listed in Table 2,4. 
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0.03 (0.02-0.04) 
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INCISIONAL PAIN 
Paw Incision Test 

A new model of postoperative pain involving rats has been introduced recentiy 
by Brennan et al. (1996) and validated pharmacologically by Zahn et al. (1997). 
The rat is anesthetized, a 1 cm longitudinal surgical incision is made tiirough 
skin, fascia, and muscle in die plantar area of the animal's hindpaw and the 
wound is then closed Tactile allodynia (i.e., pain due to a stimulus that does 
not normally provoke pain), revealed through the paw withdrawal response to 
calibrated von Frey filaments as well as nonpunctate and pinprick responses, 
ensues and this hypersensitive state lasts for several days after the incision.. It 
is perhaps surprising that an animal model endowed with such obvious face 
validity (though not in itself an absolute criterion) has taken so long to appear 
in the analgesic literature. At any rate, morphine, given either subcutaneously. 
or intrathecally to the rats, was active in the model (Zahn et al., 1997), as were 
intrathecal 6,7-diniti'oquinoxaline-2,3-dione (DNQX) and 1,2,3,4-tetrahydro- 
6-nitrcK2.3-dioxcKbenzo[f]quinoxaline-7-sulfonamide disodium (NBQX), two 
standard non-NMDA excitatory amino acid receptor antagonists (Zahn et al., 
1998). Importandy, from a predictive point of view, neither a competitive 
(dizocflpine) nor a noncompetitive (2-amino-5-phosphonovaleric acid) NMDA 
receptor antagonist was active against incisional pain at behaviorally acceptable 
intrathecal doses (Zahn and Brennan, 1998). The authors conclude that NMDA 
receptor antagonists, per se, are unlikely to be useful for pain relief after 
surgery. 

Additional compounds are currently being evaluated in the procedure. Thus 
gabapentin (Field et al., 1997a), the antiepilcptic agent known to be active 
against formalin (Singh et al., 1996) and in models of neuropathic pain 
(see below) (Xiao and Bennett, 1996; Hwang and Yaksh, 1997), as well as 
ziconotide (Table 2.4) (Wang et al., 1998) gave positive results against inci- 
sional pain, PD 154075, the selective NK, receptor antagonist (Gonzalez et al., 
1998), was given subcutaneously to rats either pre- or postoperatively. This 
compound was active in the test only when given before the surgery. 



VISCERAL PAIN 
Colorectal Distension Test 

Instilling irritants such as resiniferatoxin (Craft et al., 1995) and turpentine 
(McMahon and Abel, 1987) into the urinary bladder and distending the hollow 
viscera (Borgbjerg et al., 1996), are two increasingly conunon ways of evoking 
visceral nociception in animals. The testing of analgesics in unanesthetized rats 
using minimally invasive distension of the descending colon and rectum has 
become a well-recognized standard approach (Ness and Gebhart, 1988; Burton 
and Gebhart, 1998). Colorectal distension is effected by means of an intra- 
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